The circadian rhythm of eclosion activity and its pacemaker were analyzed in a series of latitudinal races of Drosophila auraria ranging from 34.2&deg; to 42.9&deg;N in Japan. The phase of the rhythm (&Psi; EL ) to the daily photoperiod (PP) changes as daylength is increased, and the slope of &Psi; EL (PP) changes with latitude. Is is sufficiently greater in the north to cause a phase reversal of northern and southern races on long versus short photoperiods. This reversal is found in assays of the pacemaker's phase (&Psi; PL ) as well as that of the rhythm (&Psi; EL ). Assay of the pacemaker shows that its period (&tau;) is longer in northern than in southern races, and that the amplitude of its phase response curve (PRC) is lower in the north. The period of the rhythm in all latitudinal races is longer than 24 hr in short photoperiods (LD 1:23), but is probably less than 24 hr (as an aftereffect of photoperiod) in longer days such as LD 14:10. The observed north-south differences in the phase relation of both pacemaker and rhythm to the light cycle are explained by the latitudinal clines in pacemaker properties and a postulated aftereffect of photoperiod on &tau;. It is suggested that the latitudinal cline in PRC amplitude has functional significance in conserving the amplitude of the pacemaker's signal to the rest of the system it times. Computer simulation shows that without such a reduction in the perceived light intensity, pacemaker amplitude will be lowered by the increase in duration of the daily light at higher latitudes.
One of Jfrgen Aschoff's many contributions to circadian physiology has been his search for variation in the behavior of circadian systems (in mammals and birds) at different latitudes and seasons (e.g., Aschoff, 1969; Aschoff et al., 1972;  Daan and Aschoff, 1975) . It seems appropriate, therefore, that in a celebration of his 75th birthday our contribution should be a concern with latitudinal variations in a circadian system-this time of an insect: Drosophila auraria from the Japanese islands. To be sure, our motive in beginning the work several years ago was not so much to prepare a birthday greeting for Aschoff as to ask whether an analysis of latitudinal variation in D. auraria's circadian entrainment might explain a parallel variation in its photoperiodic responses (Pittendrigh and Takamura, 1987) . But while the work has taken much longer than expected, the first opportunity to report its principal (circadian) results coincides, happily, with this important birthday of a greatly respected colleague. It is also fortunate that while our initial concern was with only one of his many interests (latitudinal effects), our principal findings relate to yet another of the areas (zeitgeber strength) that Aschoff himself has addressed many times (e.g., Aschoff and Pohl, 1978) .
Our experimental system is the circadian rhythm of pupal eclosion activity in populations of D. auraria, which is an Asiatic member of the D. melanogaster species group. We have used six latitudinal races from the Japanese islands (Fig. 1 ).
Culture and assay methods used for auraria were the same as those used for D. pseudoobscura and have been described elsewhere (Pittendrigh and Takamura, 1987) . Some observations have been made on all six strains, but the bulk of our work has focused on four as indicated in the figures, and most attention has been given to the two races representing the latitudinal extremes available when the work began (we obtained the Matsuyama flies much later).
LATITUDINAL DIFFERENCES: THE MIYAKE AND HOKKAIDO EXTREMES
Our initial observations, then, were made on the most southerly (Miyake at 34.2°N) and northerly (Hokkaido at 42.9°N) of the strains we had. Figure 2 (left) shows, for each strain, the phase relation (TEL) of its eclosion ryhthm (E) to a series of light cycles (L) differing in photoperiod duration. The rhythm's phase is designated by points that are medians of the daily eclosion peaks; each median is computed from the sum of 6 successive days' data. The curves are linear regressions of TEL on photoperiod (PP) for daylengths ranging from 1 to 14 hr; the 14to 19-hr section of the curve-which is nonmonotonic, as characteristic of all drosophilids studied-is an eye fit. As photoperiod is lengthened from 1 to 14 hr, the phase of the rhythm FIGURE 1. Geographic origin of the six D. auraria strains. Miyake is a small island 190 km south of Tokyo. FIGURE 2. Left: The phase relationship (TEL) of the eclosion rhythm (peak median) at 17°C to the daily light-dark (LD) cycle over a wide range of photoperiods in a northern (Hokkaido; dots, solid line) and a southern (Miyake; circles, stippled line) strain. For clarity, the curves are repeated 6 hr to the right. Right: The phase relationship (TPL) at 17°C of the eclosion rhythm's pacemaker to the daily light cycle. Miyake and Hokkaido are compared on LD 1:23 and 14: 10. becomes slightly earlier relative to midday (and slightly later relative to dawn). It is clear that on most of the cycles the peak falls later in the day in the northern strain. However, the slope of the curve 'l'EL (PP), relative to midday, is less steep in Miyake than in Hokkaido, and the difference is sufficiently great to eliminate completely the interstrain difference on daylengths of 14-16 hr; indeed, the data suggest a slight phase reversal, which we consider again when data on the two pacemakers increase its likelihood. Figure 3 gives phase response curves (PRCs) for the pacemakers driving the rhythm of the two strains. Probed by the commonly used 15-min light pulse (50 lux), Miyake yields a clear type 0 (strong resetting) PRC and Hokkaido an equally clear type 1 (weak resetting) curve. This difference in PRC amplitude, which was briefly reported in an earlier paper (Pittendrigh et al., 1984) , was then found in all our other interstrain comparisons using shorter (10 sec, 5 min) or longer (60 min) pulses: The Hokkaido response is always weaker than Miyake's for any pulse duration shorter than 120 min. It is as though some device were inserted into the pathway coupling light to the Hokkaido pacemaker, thereby lowering the &dquo;subjective light intensity&dquo; experienced by this northern strain. The response (A 4~) of Hokkaido only matches that of Miyake when the strength of the light signal is increased by greatly extending its duration. The Hokkaido PRC for a 120-min pulse is comparable to Miyake's for a 15-min pulse.
The upper panels of Figure 3 also show that the phase relation ('I' pd of the pacemaker (P) to the previous light cycle (L) (which was LD 14: 10) is different in the two strains: Hokkaido phase-leads Miyake by about 2 hr. When (in the lower panels FIGURE 3. Upper panels: Phase response curves (PRCs) for the Hokkaido (H; dots) and Miyake (M; circles) races of D. auraria. Each panel gives curves for a particular pulse duration. All &dquo;intensities&dquo; are 50 lux. See text. Lower panels: Hokkaido PRCs (stippled) reproduced from upper panels; Miyake PRCs (solid) shifted 2 hr to the left. of the figure) the Miyake curves are shifted to the left over 2 hr, the strain difference is reduced to amplitude alone. The right-hand panel of Figure 2 extends this demonstration of a north-south difference in TPL. A sufficiently strong pulse to yield type 0 resetting was used on both Miyake (60 min) and Hokkaido (120 min), permitting a monotonic plot of their PRCs that enhances the comparison of 'I' PL in the two strains. The points in Figure 2 (right) are averages of six separate assays; they record the phase-shift response to pulses given at successively later hours after the end of the last-seen entraining light. Two PRCs are given for each of the strains: One shows the pacemaker's phase relative to a short photoperiod (LD 1:23) and the other the phase relative to LD 14:10. On LD 1:23, Hokkaido clearly phase-lags Miyake, as it did in the TEL data. On LD 14: 10, however, it just as clearly phase-leads the southern race; what was only a suggestion in the APEL data (Figure 2 , left) is beyond question in these 'I' PL data.
The most useful information on the free-running period (T) of the two strains comes from experiments detailed in the following section. The only unequivocal evidence on T emerging from the data presented so far is that during entrainment by short photoperiodic regimens such as LD 1:23, T must be longer than 24 hr. When entrainment is effected by long photoperiods (e.g., LD 14:10), the transition from light to dark necessarily ends in the early subjective night, whether T is longer or shorter than 24 hr (Fig. 4 ). When T is less than 24 hr, a short photoperiod must also end there (early subjective night) to cause the necessary phase delay, but when T is longer than 24 hr, the light must begin and end many hours earlier, in the late subjective night, to bring about the phase advance essential to the entrained steady state ( Fig. 4 ; and see Pittendrigh, 1981a) . And as Figure 2 (right) shows, that is what we find in both Miyake and Hokkaido: In LD 1:23, T of the pacemaker therefore exceeds 24 hr. Following LD 1:23, the period of the directly observed free-running rhythm is also longer than 24 hr in both strains, but following LD 14: 10 it is much shorter ( Table 1) . Here is a marked aftereffect of photoperiod on T comparable to that reported earlier for rodents (Pittendrigh and Daan, 1976a) . It is much more pronounced in the southern than in the northern strain.
MIYAKE AND HOKKAIDO: MARKERS OF A REAL CLINE?
The latitudinal difference (34-~3°N) between Miyake and Hokkaido is barely a third of the range (40-70°N) sampled in Lankinen's (1986) landmark study of Drosophila FIGURE 4. Schema showing the phase relationship of an entraining light pulse to a circadian pacemaker (whose PRC is given in the upper panel) in regimens involving short (LD 1:23) and long (LD 14: 10) photoperiods. There is virtually no difference in '~YPL in the two regimens when T is less than T ( = 24 hr), but when T > T, 'l'PL is much greater in LD 1:23 than in LD 14:10. littoralis in Europe. Given the substantial &dquo;noise&dquo; that characterizes the several clines Lankinen found, one is bound to wonder whether the Hokkaido and Miyake differences-substantial though they are-provide adequate evidence of a true latitudinal cline in D. auraria. The following sections address this question with data from two additional races originating in intermediate latitudes. Figure 5 gives XEL(PP) curves for four races, including Omiya and Akita, from latitudes between the Hokkaido and Miyake extremes. It notes the slope of each regression for photoperiods of 1-14 hr and indicates (large shaded circles) the intercept with dawn. Both slope and intercept for the intermediate races lie between those of the northern and southern extremes. The upper panels in Figure 6 give detail of the assays of TPL for two intermediate races in addition to those from Hokkaido and Miyake. The lower panels in Figure 6 summarize the evidence of systematic clines of IP, using the four races for which we have both TEL and '¥PL data; both are plotted relative to midday. They show, again, the phase reversals of the northern and southern extremes on long versus short photoperiods and strongly support the suggestion of systematic clines: TPL becomes more positive as one moves north on long photoperiods, but more negative on short days. If we compare XPL relative to sunset in LD 1:23 versus LD 14:10, a great difference is found in all the races, indicating that in all of them T is greater than 24 hr, at least in the short photoperiod. Although pacemaker behavior is our main concern in this paper, we should note the evidence in Figure 6 that the system timing eclosion in D. auraria has a pacemaker-slave structure similar to that found in D. pseudoobscura (Pittendrigh, 1981b) . The phase relation (qrEP) of the eclosion peak (E) to its pacemaker (P) is different (less) in all races in the longer photoperiod than in the short one, and in LD 14 : 10 it is clearly les in the south (higher subjective light intensity) than in the north: There is a latitudinal cline in TEP. Elsewhere, we will discuss more fully this confirmation of conclusions based on D. pseudoobscura work (and computer simula-tions~namely, that the coupling of its pacemaker to the slave oscillation that times eclosion is dependent on the strength of the light signal driving the pacemaker. The stronger the light (intensity or duration of the photoperiod), the smaller the phase difference between pacemaker and eclosion peak.
The clearest evidence of a true cline in pacemaker properties comes from experiments that detect differences in PRC amplitude without the labor of measuring a whole family of PRCs for each race. The design of these experiments is illustrated in Figure 7 , which gives a schematic family of PRCs for a series of brief signals with low but increasing intensity. The figure's lower left panel summarizes the phase relation ('I'pd of the pacemaker to the light in a series of light cycles whose own period (T) varies from 20 to 28 hr. Curves for APPL(T) are given for each pulse strength (1 < 2 < 3 < 4). As examination of the PRCs explains, the slope of the IPPL(T) curves is greater the weaker the signal. This, of course, immediately suggests an easy assay of strain differences in PRC amplitude. Indeed, all that is really necessary in comparing the PRC amplitude of two strains is to measure the TPL difference between them for two light cycles whose periods lie (like T = 21 hr and T = 27 hr) on either side of the circadian T. Figure 8 reports experiments that measured '~Y(T) in four races of D. auraria, using, in separate assays of each T, either a weak (1-min) or a stronger (15-min) light pulse (50 lux). The phase relation assayed and shown in Figure 8 is that of the rhythm FIGURE 5. The dependence on photoperiod of the phase relationship ('I' EL) between eclosion rhythm and light cycle in four geographic races of D. auraria. Small points are the medians of the daily eclosion peak; large points mark the intercept Of TEL (PP) with dawn. 113 / 225 FIGURE 7. The derivation of a family of '~YPL(R, C) curves from a family of PRCs. 'l'PL is the phase relationship of pacemaker to light cycle; R is the ratio (T/T) of the pacemaker's period to that of the light cycle; C is the strength of the coupling between pacemaker and light cycle. Upper panel: Theoretical PRCs for different C's (1 < 2 < 3 < 4). Points indicate phases hit by the light pulse in stable entrainment with different combinations of T and T. Lower panels: qrPL curves derived for different T's with T = 24 hr (left panel) and for different T's with T = 24 hr (right panel). to the light ('~YEL), which is more easily assayed than that ('PPL) of the pacemaker itself. Using TEL entails complications that derive from the dependence on T of the phase relationship ('I'EP) between its pacemaker and the slave oscillation that actually determines eclosion time (Pittendrigh, 1981b) . The slope of APEL(T) curves is generally steeper than that of associated 'l'pdT) curves, but none of the inferences that we make from the data in Figure 8 is impaired by these complications. All our inferences concern differences in PRC amplitude or pacemaker period rather than their absolute values, and all such pacemaker differences are reliably reflected in rhythm differences. The data in Figure 8 yield the following useful results.
First, both series of tests, using 1-min or 15-min pulses, show a steadily increasing difference, as one goes north, between the T values characterizing the T = 21 hr and T = 27 hr cycles; there is indeed a pronounced latitudinal cline in PRC amplitude that declines in the north.
Second, as Figure 7 shows schematically, the NVEL(T) curves for two signals (one weak, the other strong) applied to the same pacemaker not only differ in their slopes, but cross over on the light cycle whose period (T) is about equal to that (T) of the pacemaker. Although, as noted earlier, the use of TEL in these experiments precludes inference of absolute value of pacemaker period, it does permit inferences on its clinal variation. As the right-hand panels in Figure 8 show, the T's at which the curves for strong and weak signals cross are much longer in the two northen strains than in their southern relatives: T becomes longer in the north.
Third, each individual curve for 'kEL(T) also yields information on pacemaker period: The maximum value of AT occurs in the T interval that embraces T. Figure  8 (bottom right) plots differences in '~Y values (AT) for successive hourly increments in T. It compares the lumped southern strains with those from the north, and shows a latitudinal difference in the T interval at which AT is maximal and indicative, therefore, of a comparable latitudinal difference in T. Again, the evidence from both curves ( and 15 min) points to a longer T in the north.
Fourth, Figure 8 (bottom right panel) also yields information on the shape as well as the amplitude of the northern and southern PRCs. The value of Alp for a given hourly increment in T depends on the slope of the particular section of the PRC involved in entraining to the two successive T's: The steeper the section of the PRC involved in entraining to those cycle lengths, the smaller the AT associated with that interval. Figure 8 shows that on the longer T's (requiring a phase delay), the Alp values are higher in the northern races, implying that the slope of their PRCs in the early subjective night is lower than that of the southern races. This is consonant with the observation of Pittendrigh and Daan (1976b) that in rodents the ratio (Sm/Se) of morning over evening PRC slopes (advance over delay sections of the curve) increases as T lengthens.
COMPARISON OF THE D. LITTORALIS AND D. A URARIA CLINES: PACEMAKER-SLAVE COMPLICATIONS Noisy as the data may be, they nevertheless demonstrate systematic latitudinal variation in the properties of the circadian system that drives the eclosion rhythm of D. auraria. How does it compare with that in D. littoralis, which was studied extensively by Lankinen (1986) ? The only clear difference between the species is in the cline of 1Y'EL in short photoperiods: The peak of eclosion falls at earlier hours in littoralis as one goes north, whereas in auraria the reverse is true. The other strong littoralis cline is in the period of its free-running rhythm following entrainment by a short photoperiod (LD 3:21): T becomes shorter in the north. Comparable data (Table  1 ) for the free-running rhythm in auraria are in themselves too slight for confident inference of any latitudinal cline, but they are certainly compatible with the clear trend in littoralis.
On the other hand, the sign of that cline (rhythm period, TR) in both species is the opposite of what we have found for the pacemaker's period (Tp) in auraria, which clearly lengthens in the northern races (Fig. 8 ). However, it is not yet clear that the pacemaker clines are different in the two species. There are no data on the period of the littoralis pacemaker (as distinct from its rhythm) for comparison with auraria's, and what little is known of PRC variation in littoralis is encouraging: The one northern race (Zurich) whose PRC has been assayed yields a type 1 curve (weak resetting), whereas in a southern relative (Batumi) the PRC is just as clearly type 0 (strong resetting; Lankinen, 1986) . In this important respect, the European and Japanese flies do not differ.
Space considerations prevent an adequate discussion here of the lability inherent in TEP, the phase relationship between the pacemaker and its slave oscillation that provides the immediate eclosion signal (cf. Pittendrigh, 1981b) . This lability is illustrated in Figure 6 , where grep becomes less as the strength (intensity or duration) of the light signal to the pacemaker increases, thereby decreasing its (pacemaker) amplitude and, consequently, its coupling input to the slave. As in zeitgeberpacemaker relations, so is it in pacemaker-slave relations: Their mutual phase relationship changes when the strength of their coupling changes, but the sign of that change depends on the ratio of their free-running periods. A difference in the freerunning periods of D. auraria and D. littoralis slave oscillators could readily explain the clear interspecific difference in 'I' EL clines without requiring an interspecific difference in pacemaker clines.
In spite of old speculation (Pittendrigh, 1957) that it relates to the daily cycle of moisture conditions (saturation deficit), the adaptive significance of eclosion rhythmicity remains far from clear. And in our ignorance of the real selection pressures involved, we cannot evaluate the utility of the TEL cline to either species, or, therefore, the significance of the interspecific difference-which, in its way, is the more interesting issue. Further discussion here is therefore restricted to the lightsensitive pacemaker rather than the rhythm it drives: Do the pacemaker's latitudinal variations elucidate any general aspect of circadian entrainment?
INTERNAL CONSISTENCY-AND EXPLANATION-OF THE D. AURARIA CLINES
In exploring relationships among the several latitudinal clines of auraria's pacemaker, it is useful to refer again to the generalizations illustrated by the T(R, C) curves in Figure 7 (lower right), where R is the ratio T/T and C is the strength of the zeitgeber's coupling to the pacemaker. As the period of the pacemaker lengthens (with T constant at 24 hr), its phase lag relative to the zeitgeber increases. How much depends on the strength of the coupling between zeitgeber and pacemaker: the weaker the coupling, the greater the slope of the T(R) curve (Fig. 7, bottom right) . And that rule holds whether C is weakened by reduction of either the duration or the intensity of the light.
A biologically important feature of this family of P(R) curves for different coupling strengths is the node through which they pass near R = 1.0: An increase in C makes 4f more negative when R is less than 1.0, but more positive when R exceeds 1.0. The relevance of this for another of Aschoff s major contributions (Aschoff's rule; Aschoff, 1960 Aschoff, , 1979 has already been sketched (Pittendrigh, 1988) : As daylength increases in the spring (thereby increasing C), the phase of the pacemaker gets earlier relative to midday, thus tracking dawn, but only if its period (T) is longer than 24 hr (which is, as Aschoff's rule states, typical of day-active species). If, on the other hand, its period is less than 24 hr (as in night-active organisms), it tracks sunset (Fig. 7, bottom right; Fig. 9, left panel) .
The lr(R, C) curves in Figure 7 , with their node at or near R = 1, are also relevant to our more immediate concern here, which is the internal conistency and meaning of the several latitudinal clines we have detected in the auraria pacemaker. The top panel in Figure 10 gives, again schematically, lr(R) curves for two photoperiods (LD 1:23 and 14:10) at two intensities: The sign of the change in T caused by C depends on whether R is greater or less than 1.0. As we have seen, the pacemaker's period is always greater than 24 hr (hence R is greater than 1) in all races entrained to LD 1 :23. The cline of'l'pL in short photoperiods is, then, as expected: Its increasing negativity at higher latitudes is due primarily to the cline in T, which gets longer in the northern races; and with R greater than 1 it is enhanced by the continuing fall in subjective light intensity (N2 vs. N1 in the figure's upper panel) .
Moreover, even if T remained longer than 24 hr in all photoperiods, we would FIGURE 9. Left: An interpretation of one element in Aschoff's rule using IP(R, C) curves where variation in C is due to variation in photoperiod duration. An increase in daylength shifts the pacemaker forward, tracking dawn, when T is greater than 24 hr (as is typical of day-active organisms); but the springtime increase in daylength shifts the pacemaker later, tracking sunset when T is less than 24 hr (as in nocturnal species). Right: The same effects are seen from curves that plot the phase relation of two pacemakers (with T shorter or longer than 24 hr) to 24-hr light cycles in which both the duration and the intensity of the light are varied. When T is less than T (24 hr), the phase of the circadian program is shifted earlier, whether coupling strength is reduced by a decrease in the light's duration or its intensity; when its period is greater than 24 hr, reduction in either duration or intensity shifts it later. predict the observed sign of 'PPL(PP) as well as the latitudinal cline of its slope: Increasing the photoperiod from 1 to 14 hr increases C, and therefore makes 'I' PL more positive relative to midday because R is greater than 1.0 (Fig. 7) . Further, the longer T is, the greater is the T difference in moving from shorter to longer photoperiods ; thus the slope of W(PP) increases as we move north (Fig. 10, middle panel) . Finally, if the aftereffects of photoperiod on the rhythm's period seen in Table 1 are indicative of comparable aftereffects on the pacemaker's period, lr(R, C) curves also yield an attractive explanation of the otherwise perplexing north-south phase rever-sals encountered in long versus short photoperiods. Thus, if the long-duration pulse (14 hr) does indeed shorten T (in all races) to less than 24 hr, making R less than 1.0, the north-south difference in PRC amplitude-which amounts to a difference in C-will cause the more strongly coupled Miyake strain to phase-lag on LD 14: 10, although it phase-leads on LD 1:23 (bottom panel in Fig. 10 ). And such aftereffects on the pacemaker's period would only strengthen the cline in the slope of W(PP) to the point where it entails the observed change of sign.
DIGRESSION ON THE AFTEREFFECTS OF PHOTOPERIOD ON THE PACEMAKER'S BEHAVIOR
The plausibility of aftereffects of photoperiod on the pacemaker's time course has a much broader basis than the data in Table 1 . As noted earlier, they were encountered by Pittendrigh and Daan (1976a) in several rodents and by Gwinner (1975) in birds. Moreover seasonal variation in T is a well-documented feature of circadian rhythmicity (Menaker, 1961; Pohl, 1972) ; the most extensive data come from the work of Kavaliers (Kavaliers, 1978 (Kavaliers, , 1980 (Kavaliers, , 1981 Kavaliers and Ross, 1981) on several teleost fishes, which led him to conclude that seasonal variation in T derives from the seasonal cycle of photoperiod duration, each inducing its own aftereffect on T. Finally, in this connection, we should report wholly independent and more direct evidence from the D. auraria work that the pacemaker's time course in constant darkness immediately following an entraining pulse is profoundly influenced by the duration of that pulse-perhaps more specifically, by the sign of the phase-shift it causes. Figure 11 (upper panel) lumps all the PRCs given earlier in Figure 6 that were measured following LD 14: 10 entrainment; they are &dquo;synchronized&dquo; by bringing the 12-hr phase shift for each strain to the same time on the abscissa. Collectively, the data define the familiar sigmoid shape of the Drosophila type 0 PRC in its monotonic form. A comparable lumping of all the PRCs following LD 1:23 entrainment yields a different picture: The PRC has now lost its sigmoid shape entirely, reflecting a very different time course (and period?) than it had after LD 14: 10. This result seems sufficiently novel and potentially interesting to add as confirmation an essentially identical finding from D. pseudoobscura. Figure 11 's lower panel &dquo;synchronizes&dquo; an even larger set of pseudoobscura PRCS, again by bringing the 12-hr response to the same point on the abscissa. All the (lumped) PRCs in the left panel were obtained immediately after entrainment by cycles of short pulses with T greater than 24 hr-therefore, after the pacemaker had suffered a phase delay. Like the D. auraria curves following LD 14: 10 entainment (when we think T is less than 24 hr and entrainment requires a phase delay), they have the familiar sigmoid shape. The right-hand panel similarly lumps PRCs (again from D. pseudoobscura), but all of them following entrainment to T's less than T (24 hours)&horbar;therefore, immediately following a phase advance of the pacemaker. And as in the D. auraria curves following LD 1:23 entrainment (when T is again less than T), the sigmoid character of the PRC is lost. Clearly, the action of a long photoperiod involves more than a phase shift; it changes the whole time course of the pacemaker in a way that could well include the change in T we have postulated (Fig. 10, bottom) to be responsible for the phase reversals in Figure 6 . Our initial hope that latitudinal variation in pacemaker behavior would explain a parallel cline in photoperiodic responses has not, as yet, been fulfilled. Thus far, we see no way (Pittendrigh and Takamura, 1987) in which the longer T or lower PRC amplitude of the northern races could account for the general elevation of their photoperiodic responses (diapause induction, cuticle color) to all daylengths-short as well as long-and thus further discussion of this important issue is deferred to a later paper. It seems highly improbable, however, that either of the latitudinal clines we have found in pacemaker properties is wholly without function, even though, again, we cannot point with any certainty to the responsible selection pressures. This seems especially true of the northern decline in &dquo;subjective light intensity,&dquo; which the available evidence (Lankinen, 1986) suggests is also true of D. littoralis in Europe. Two possible functions for that decline merit attention because, though surely conjectural, they draw attention to a generally neglected aspect of circadian entrainment-namely, a partial intensity-duration reciprocity in the action of the long photoperiods encountered by circadian systems in nature. Although such reciprocity has been recognized in the action of brief pulses (Engelmann, 1969; Winfree, 1970) for many years, its relevance to entrainment in nature has received almost no attention until recently (Takahashi et al., 1984) . The left panel of Figure 10 , however, shows that entrainment action of even very long photoperiods is dependent on the perceived intensity, provided that this is low enough; and, again, the sign of the intensity-induced change is dependent on R, and hence on T. It has long been noted (see, e.g., Danilevskii, 1965 ) that the photoperiodic effects saturate at very low light intensities, presumably to enhance the signalnoise ratio of daylength as a seasonal cue. If the &dquo;subjective light intensity&dquo; set by this threshold is low enough, its continuing adjustment by selection will impact the phase and other aspects of the circadian system's entrained steady state. It is then plausible that the reduction in subjective light intensity we observe in the north is effective in compensating for the overall increase in daylength that characterizes the breeding season at those latitudes. But why such compensation? To avoid what penalty?
Were the cline found only at the highest latitudes exploited by Drosophila, such as 72°N (where D. littoralis breeds in Lapland), one could point to the &dquo;minimum tolerable night&dquo; problem discussed by Pittendrigh and Daan (1976b) as a certain source of selection. Entrained steady states effected by an LD regimen require a minimum dark period embracing the pacemaker's subjective night. This insures that while the last evening light delays the pacemaker, the first morning light advances it. Were the night still shorter, dawn would again cause a delay, and the steady state would be lost. Computer simulations with the Pavlidis pacemaker model (equations in Pittendrigh, 1981b) show that the minimum tolerable night can be reduced (and thus the maximum tolerable photoperiod can be increased) by lowering the light intensity. However, while intensity-duration reciprocity may well be exploited in such a compensation at the highest latitudes, the shortness of night presents no comparable challenge to the lower-latitude populations in Japan, where a (presumably adaptive) lowering of PRC amplitude is well defined. The shortest night in Hokkaido is still -~-8.5 hr, and presents no problem even to the Miyake strain, let alone Hokkaido's.
The most likely other source of selection for reduction in subjective light intensity has nothing to do with the adequacy of the pacemaker's entrainment as such, either its stability or its phase relation to local time. The issue we envisage is, rather, the adequacy of its amplitude as a signal to the rest of the peripheral functions it times. The amplitude of both state variables in the Pavlidis oscillator, whose entrainment we have studied in simulations, is reduced by an increase in the photoperiod's duration (as in north vs. south), but can be restored by lowering the light intensity. Although a decrease in subjective light intensity will indeed increase pacemaker amplitude, it will also change, even if slightly, its phase relationship ('I'PL) to local time. In our ignorance of the selection pressures affecting 'l'PL, it is not clear how much of a penalty this would entail; but it is tempting to note that in D. auraria, where we think that R = T/T is less than 1 in the long natural photoperiods, the lengthening of T in the north will offset the change in TPL that would otherwise be caused by the drop in subjective light intensity. Such compensation would not occur if R were greater than 1. These speculations on selection to maintain pacemaker signal strength (amplitude) will of course remain immune to direct test until we know more about the concrete nature of that oscillation and how it drives (times) the rest of the system. But in the meantime, we see merit in looking for a latitudinal rule that the subjective light intensity experienced by circadian systems declines as one moves north, to maintain (so we think) the strength of pacemaker signals otherwise impaired by the increasingly long summer days. Needless to say, if such a rule is found, there will be plenty of exceptions: Like that proverbial skinner of cats, natural selection tends to find many ways of doing its job.
It is also true that the likelihood of finding such a rule is not contingent on the validity of our guess concerning the responsible selection pressure. Whatever that may be, its exclusive relevance to the life of Drosophila auraria seems very unlikely-and a rule, therefore, just as likely. Moreover, the ecological correlates to the rule's inevitable exceptions could well provide hints as to what the pressure is. For example, one encouragement to our present speculation comes from D. pseudoobscura, in which the adults, flying in full sunlight, have a type 1 PRC (low subjective light intensity), whereas the larvae and even the pupae 1 day before eclosion have a strong, type 0 response (density filter out!) more appropriate to an instar that is so well hidden (somewhere) that no one has yet found it in nature! Here the variation in subjective light intensity is independent of latitude, but quite possibly attributable to the same selection pressure to maintain pacemaker amplitude. Does the low subjective light intensity in the early instars, as well as the adults, of D. melanogaster and D. auraria imply a larval habitat in this species group that is more strongly illuminated than that of D. pseudoobscura? experiments were made possible by Grant Nos. PCM 81-3031 and PCM 84-10144 from the National Science Foundation. An Alexander von Humboldt Award to Colin S. Pittendrigh also greatly facilitated the later stages of our work.
